A modification of JET is presently being prepared to bring operational experience with ITER-like first wall (Be) and divertor (W) materials, geometry and plasma parameters. Reflectivity measurements of JET sample tiles have been performed and the data are used within a simplified model of the JET and ITER vessels to predict additional contributions to quantitative spectroscopic measurements.
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ABSTRACT.
A modification of JET is presently being prepared to bring operational experience with ITER-like first wall (Be) and divertor (W) materials, geometry and plasma parameters. Reflectivity measurements of JET sample tiles have been performed and the data are used within a simplified model of the JET and ITER vessels to predict additional contributions to quantitative spectroscopic measurements.
The most general method to characterize reflectivity is the BRDF. For extended sources however, like bremsstrahlung and edge emission of fuel and intrinsic impurities, the results obtained in the modeling are almost as accurate if the total reflectivity with ideal Lambertian angular dependence is used. This is in contrast to the experience in other communities, such as optical design, lighting design or rendering who deal mostly with point-like light sources. This result is so far based on a very limited set of measurements and will be reassessed when more detailed BRDF measurements of JET tiles have been made. If it is true it offers the possibility of in-situ monitoring of the reflectivity of selected parts of the wall during exposure to plasma operation, while re-measurement of the BRDF is performed during interventions.
For a closed vessel structure like ITER, it is important to consider multiple reflections. This makes it more important to represent the whole of the vessel reasonably accurately in the model, which on the other hand is easier to achieve than for the more complex internal structure of JET. In both cases the dominant contribution is from the first reflection, and a detailed model of the areas intersected by lines of sight of diagnostic interest is required.
INTRODUCTION
The present generation of thermonuclear fusion devices is mostly clad with graphite which is typically assumed to have negligible reflectivity. As metal walls become more common, reflection will add to the signal from the direct lines of sight potentially affecting the accuracy of Z eff measurements from bremsstrahlung, influx measurements for the main fuel as well as impurities, and the signal from active spectroscopic methods such as charge-exchange spectroscopy and motional Stark effect.
Very little work has so far been published to characterize the effect of reflection on quantitative spectroscopic measurements. The reflectivity of graphite tiles from DIII-D and molybdenum tiles from Alcator C-Mod was measured and the effect on influx measurements assessed [1] concluding that the effect can be large for lines of sight looking at the main chamber when the divertor is a strong source of radiation at the same wavelength. More recently, the reflectivity of tungsten tiles from AUG was measured and used to correct for artifacts in images of the divertor Da emission for derivation of neutral particle profiles [2] . The potential effect of reflection on bremsstrahlung measurements was studied for Tore Supra [3] .
Between them these three papers already present three different approaches to the study, which makes it difficult to derive general lessons, a clear sign of the non-maturity of this field. In this paper we attempt to provide answers to some basic questions on reflection and how it affects spectroscopic diagnostics in a fusion plasma environment. In particular: How should the reflection be characterized experimentally and in modeling? Is specular reflection important or does diffuse reflection with ideal Lambertian behavior dominate? Are multiple reflections important?
CHARACTERISING TILE REFLECTIVITY.
The most general method to characterize reflection is to measure the so-called bi-directional reflection distribution function, BRDF. Incident and reflected rays are parameterized in terms of polar coordinates θ and ϕ in a co-ordinate system defined by the reflective element (see Fig.1 ). The BRDF includes the effect of increased surface area seen per unit area of a line of sight; thus for an ideal Lambertian reflector the BRDF does not vary in θ R . While the BRDF is a function of five parameters (wavelength λ, θ R , ϕ R , θ I , ϕ I ), this is reduced to four for isotropic samples since the dependence is only on ϕ R -ϕ I . This method characterizing reflectivity is well established for optical design [4] , lighting design [5] and computer graphics applications such as rendering [6] .
We have measured the total reflectivity of two types of JET tiles as a function of wavelength from 250nm to 2500nm using an absolutely calibrated UV-Vis-NIR Varian Cary 5 spectrophotometer equipped with a 110mm diameter integrating sphere. In addition, we measured the angular dependence of the reflectivity for ϕ R = 180 o , θ I = 10 o and ϕ R = 0 o at 13 wavelengths between 400nm and 1600nm. The angular resolved data were normalized to the results obtained for Spectralon TM which behaves like an ideal Lambertian reflector. The tiles chosen were made of Inconel (a prototype for the tiles that will be coated with Be before installation on JET) and a spare JET CFC tile. While
Inconel is isotropic, CFC is not, therefore the angular dependence is presented for parallel and perpendicular orientation (referred to in this paper as "CFC_Par") and "CFC_Perp"). The BRDF at other angles of incidence has not been measured.
Typical behavior of a BRDF shows a specular lobe of finite width of enhanced reflectivity near the ideal specular ray which approaches ideal Lambertian behaviour far away from the specular lobe. Seven model functions have been tested for 100 different materials by Ngan et al [6] . All models have difficulties representing materials with very narrow specular lobes, but for relatively wide specular lobes they are all quite successful. We have implemented the three simplest models (Ward, Ward-Duer and Blinn-Phong, see Eq. 1a-1c), which only have three parameters: the ideal Lambertian amplitude rL, the specular lobe amplitude rS and a parameter that determines the width of the specular lobe (a or n depending on the model). All three models parameterize the distance from the ideal specular ray in terms of the angle ´ between the surface normal and the half angle between the incident and reflected direction (see Fig.1 ). The more complex models tested in [6] were not considered due to the scarcity of experimental data.
The first step is to fit each model to the measured data (see Fig. 2 ). All three models fit the measured data for Inconel and "CFC_Perp" equally well, but have difficulties reproducing the narrow specular lobe of "CFC_Par". The differences occur in the predicted specular lobes at other angles; Fig.2 shows the Ward model behavior. The width of the specular lobe in ϕ reduces with increasing θ I which is a feature of the parameterization in terms of δ and is thus common to all three models. The models differ in the amplitude of the specular lobe and further measurements are required to choose between them. For the Blinn-Phong model the amplitude is constant, while it increases for the Ward and Ward-Duer models due to the term in the denominator. However the latter becomes unphysical near grazing incidence and further terms would have to be introduced to prevent this behavior. Measurements performed on tiles from Alcator and DIII-D [1] clearly show an increase in amplitude with increasing θ I (while the ϕ dependence was not reported) and therefore we have chosen the Ward model for our simulations.
The second step is to integrate the BRDF for θ I = 0 o and compare the result with the total reflectivity measurements (Eq.2). Since all three models fit the data for θ I = 10 o equally well, and there is no significant difference in the prediction for θ I = 0 o , the results are identical.
As can be seen in Fig.3 , the wavelength dependence is correctly reproduced but there is an offset between the total reflectivity of Inconel obtained by integrating the BRDF and the measurement.
The measured total reflectivity is lower than the amplitude of the fitted Lambertian component, while the specular lobe adds very little to the overall result. Whether this offset is due to a systematic error between the two measurements or the simplicity of the model functions is not clear and further measurements will be required to investigate. For CFC, which is not isotropic, a more complex model would be required which has not been attempted.
MODELING METHOD AND RESULTS
A modeling code has been written in the IDL language to simulate the effect of reflection on spectroscopic signals. Results are presented as pictures to visualize the effects while it is envisaged that the application of the code will be to establish correction factors for individual lines of sight from multi chord diagnostics.
The inside of the tokamak is represented by triangles, each associated with a reflectivity in the form of a BRDF. For the initial analysis presented in this paper, simplified ITER and JET vessels The first set of model results are for ITER bremsstrahlung at 500nm, based on the density and temperature profiles of the high density 400MW inductive scenario [7] . In Fig. 4 The fraction of reflected light is of the same order as the average reflectivity of Inconel at this wavelength, and varies across the picture mainly due to variations in the direct contribution to the signal. For the closed vessel geometry of ITER the result changes significantly when the second reflection is included. The effect of the specular lobe on the other hand is not very pronounced, at least not for the case of bremsstrahlung which has a relatively wide distribution as seen from any point on the vessel wall.
The second set of model results are for JET edge emission at 500nm shown in Fig.4 (Right) and 
